A sequencing assay for detection of mutations conferring resistance to human immunodeficiency virus type 1 (HIV-1) integrase inhibitors raltegravir and elvitegravir was developed using the automated TruGene sequencing system. The assay returned clear sequencing results for samples with >500 RNA copies/ml for mutation detection and HIV-1 subtyping across a spectrum of HIV-1 subtypes.
Genotypic antiretroviral resistance testing (GART) has become indispensable in the management of patients infected with human immunodeficiency virus type 1 (HIV-1) (2, 12) . In clinical laboratories, GART for HIV-1 is mostly performed by reverse transcription (RT)-PCR, followed either by bidirectional sequencing with a fluorochrome dye termination technique or by a CLIP reaction, which uses fluorochrome-labeled forward and reverse primers in conjunction with nucleotide terminators (3) (4) (5) 9) . In a clinical setting, the latter technique is used with the largely automated TruGene sequencing system (Siemens Medical Solutions Diagnostics, Eschborn, Germany), and a commercially available assay system, the TruGene HIV-1 genotyping kit, allows detection of mutations conferring drug resistance to reverse transcriptase and protease inhibitors (3) (4) (5) 9) .
The emergence of multiple-drug-resistant HIV particles initiated developments of novel treatment principles. One such development targets the integration of HIV DNA into the host genome by inhibiting HIV-1 integrase (13) . Two such compounds (raltegravir and elvitegravir) have been developed and recently introduced into clinical practice (6, 15) . Mutations conferring resistance to those two compounds have emerged in treated individuals, requiring expansion of existing GART methods for detection of these compounds in clinical laboratories (11, 16) . As the TruGene sequencing system is available in many clinical laboratories, we set out to develop a sequencing assay for detection of HIV-1 integrase inhibitor mutations by using this analysis platform.
Backup EDTA-plasma samples from HIV-1-infected patients were blinded with respect to clinical data and used in an anonymous fashion throughout the study. The clinical data set for each sample specified viral load, subtype, and antiviral drug regimen at the time of sample collection, as all samples had routinely been examined for viral loads by the COBAS TaqMan 48 HIV-1 test (Roche, Vienna, Austria) and for HIV-1 subtype with the TruGene HIV-1 genotyping kit (Siemens), followed by sequence comparison using the Stanford University HIV Drug Resistance Database (http://hivdb.stanford.edu /cgi-bin/IIResiNote.cgi). Plasma from the EDTA-blood samples had been separated within 30 min and stored at Ϫ70°C in aliquots of 1 ml.
The AREVIR HIV-1 subtype panel (K. Korn, Institute of Virology, University of Erlangen, Germany), which contains samples from 12 members of group M (members A to H) at about 10 5 RNA copies/ml each, was used as reference material (1) .
RNA was prepared from 1 ml plasma in an automated fashion by using a MagNA Pure LC instrument (Roche Applied Science, Mannheim, Germany) with a MagNA Pure total nucleic acid isolation kit (large volume; Roche). Elution was performed with 50 l (7).
RT and PCR were performed by using a one-step RT-PCR kit (Qiagen, Hilden, Germany). Prior to the RT, RNA was treated for 2 min at 95°C, placed on ice for 2 min, and incubated at room temperature for 5 min. RT-PCR was carried out with a 50-l volume containing 7 l sample RNA, 0.2 M forward primer (5Ј-TTAGATGGAATAGATAAGGCCC-3Ј; GenBank accession no. K03455, nucleotides [nt] 4233 to 4254), 0.4 M reverse primer (5Ј-TGCTGTCCCTGTAATAAACCC G-3Ј; GenBank accession no. K03455, nt 4899 to 4920), 400 M each deoxynucleoside triphosphate, and 10 U RNase OUT (Invitrogen, Karlsruhe, Germany). Buffer Q solution and the RT-PCR enzyme mixture were added as detailed in the manufacturer's instructions. RT-PCR was run with a Biometra thermocycler (TPersonal; Biometra, Göttingen, Germany) with the following temperature program: 30 min at 50°C and 15 min at 95°C, followed by 42 cycles with 30 s at 94°C, 45 s at 53°C, and 120 s at 72°C and a final extension for 10 min at 72°C. Temperature ramping was set to 1°C/s. The RT-PCR yielded a product of 688 bp of the HIV-1 integrase region, which was initially confirmed by agarose gel electrophoresis.
The CLIP sequencing reaction was performed by using a 7-deaza-dGTP Cy5/Cy5.5 dye primer cycle sequencing kit (Siemens) according to the manufacturer's instructions. The four CLIP reaction mixtures contained CLIP buffer brought to 1ϫ, 10% dimethyl sulfoxide (Sigma, Munich, Germany), 0.4 M forward primer (5Ј-Cy5.5-GTAGCCAGCTGTGATAAATGT C-3Ј; GenBank accession no. K03455, nt 4338 to 4359), 0.2 M reverse primer (5Ј-Cy5-CTGCCATTTGTACTGCTGTCT-3Ј; GenBank accession no. K03455, nt 4747 to 4767), 1.25 l sample cDNA, one of the four terminator nucleotides, and the CLIP enzyme mixture, according to the manufacturer's instructions. The CLIP-specific cycling program was 5 min at 94°C, followed by 30 cycles of 20 s at 94°C, 20 s at 62°C, and 120 s 70°C and final extension for 5 min at 70°C. Thereafter, stop solution (10 l) was added. Samples were heated to 94°C for 2 min and incubated for a minimum of 1 h at 4°C. Fragments (1.5 to 2 l/lane) were separated on a TruGene tower (Siemens) at 60°C, 1,600 V, 50% laser power, and a sampling rate of 0.5 s for 60 min with a size 500 polyacrylamide gel. The sequencing covered a 409-bp stretch of the RT-PCR product, corresponding to codons 41 through 176 of the HIV-1 integrase gene region (13; Stanford University HIV Drug Resistance Database [http://hivdb.stanford.edu/cgi-bin/IIResiNote .cgi]). The forward and reverse sequences were searched and combined using the OpenGene software module GeneObjects (version 4.0; Siemens) (using Macintosh OSX) and read against a newly created HIV-1 integrase sequence-specific reference library. This library was generated with the OpenGene software program (Siemens) by importing the respective sequences into the library file in an aligned fashion, as detailed in the manufacturer's instructions. The consensus sequences of all HIV-1 group M subtypes and circulating recombinant forms were downloaded from the Los Alamos HIV database (http: //www.hiv.lanl.gov/). The respective reference sequences were downloaded from the National Center for Biotechnology Information Genotyping resource (http://www.ncbi.nih.gov /projects/genotyping/formpage.cgi) (see Table S1 in the supplemental material) (14) . Report generating was set up to classify sequence variations in resistance mutations, silent mutations, polymorphisms (codon changes not at resistance sites), and other mutations at resistance sites, as had been established with the TruGene HIV-1 genotyping kit.
One assay run with four samples was completed after about 2 days when the RT-PCR was run overnight. The total hands-on time required, including sequencing, interpretation, and report generation, was about 2.5 h.
After optimization of RT-PCR and CLIP reaction, the group M members of the AREVIR HIV-1 subtype panel were examined to find out whether the assay allows for sequencing of various HIV-1 group M subtypes. All panel members gave clear, unequivocal sequencing results. Mutations to integrase inhibitors were not detected in any of the panel members. The HIV-1 subtypes of all panel members were correctly identified, and the sequence homologies to the respective reference sequences were found to be between 94.9% and 99.5% (Table 1) . Thus, the developed assay did not show any relevant bias against any of the various HIV-1 group M subtypes.
A minimal viral load limit for the sequencing assay was determined by using two high-copy-number samples of subtype B, each spiked into HIV-negative plasma to yield samples with 1,000, 750, 500, and 250 copies/ml. Both sample series were tested twice, each in parallel, on two different days. All samples containing 500 copies/ml or more yielded clear sequencing results (in four runs out of four). With the 250-copy/ml samples, only two out of four runs were successful. Thus, the minimum viral load that allowed consistent sequencing was found to be 500 copies/ml, which is slightly superior or comparable to the level for published GART assays (5, 8) .
In order to assess the concordance of the sequencing assay, one high-copy-number subtype B sample was diluted to about 1,000 copies/ml and assayed eight times on eight different days ( Table 2 ). The one sequencing result that showed the greatest similarity to the B consensus sequence in our database (98% homology) was assumed to be correct. Variations at any base within the 409-bp stretch were regarded as inaccuracies, which ranged from 0 to 7 bases per run, corresponding to concordances of 98.3% to 100% (Table 2) . Interestingly, the base variations did not represent any false base exchanges, deletions, or insertions. Instead, wobble nucleotides (designated R and Y) were detected, resulting in heterozygous sequences at the positions affected (Table 2) . Only one position (321 C3Y) affected an integrase inhibitor mutation codon (encoding S147) and would have been regarded as a silent mutation in a clinical diagnostic setting (Table 2) . Thus, we found that the developed assay generated high-quality sequence data comparable to those for published GART assays using the TruGene system (9) .
The new assay was evaluated by testing 54 backup samples, 15 of which originated from patients on integrase inhibitor (such as raltegravir) treatment. All samples were run only once, and each returned a clear sequencing result. In 11 of those 15 samples, integrase inhibitor resistance mutations were detected ( Fig. 1 ; also see Table S2 in the supplemental material). Eight of those 11 samples exhibited either the Q148H/R or the N155H major raltegravir resistance mutation, sometimes in association with the minor resistance mutations G140A/S and V151I (see Table S2 in the supplemental material) (6) . Three samples showed only minor resistance mutations, such as L74M, T97A, Y143R, or E157Q. In 4 of the 15 samples from patients on integrase inhibitor treatment, resistance mutations were not detected. Presumably, treatment duration was too short to have allowed for mutations to occur at detectable levels. The remaining samples were from patients not receiving integrase inhibitor treatment, and the respective mutations were not detected. All samples exhibited several sequence variations classified by the OpenGene mutation report as silent mutations or polymorphisms (coding changes not at resistance sites). This was not surprising, since natural polymorphisms have been described to occur within the HIV-1 integrase gene (10) . All samples were assigned to their respective HIV-1 group M subtypes, including some circulating recombinant forms (see Fig. S1 in the supplemental material). The subtype homologies were always Ն93.9% (median, 96.6%). We have developed a sequencing assay with the TruGene sequencing analysis system to detect mutations in the HIV-1 integrase gene conferring resistance to raltegravir and elvitegravir in HIV-1-infected individuals for the routine clinical laboratory. The sequencing stretch of our assay covers those major resistance mutation codons relevant for raltegravir and elvitegravir, which are reportedly associated with 5-to 10-fold decreases in drug susceptibility (6, 11, 16 ; Stanford University HIV Drug Resistance Database [http: //hivdb.stanford.edu/cgi-bin/IIResiNote.cgi]). However, the C-terminal region and the very N-terminal region of the HIV integrase gene are not covered by our assay. Currently, little is known about the impact of mutations on drug susceptibility in those regions. Recent recommendations suggest that those regions may harbor only minor, accessory resistance mutations (6) . If needed, our assay could be extended to also cover those regions. In the current setup, our sequencing primers were selected to anneal at integrase gene consensus regions in order to cover a wide range of HIV-1 group M subtypes.
In conclusion, the developed assay for analysis of HIV-1 integrase mutations conferring resistance to current integrase inhibitors proved robust and accurate and was found suitable for the routine clinical laboratory. 
